Sensitive and specific biomarkers of myelin can help define baseline brain health and development, identify and monitor disease pathology, and evaluate response to treatment where myelin content is affected. Diffusion measures such as radial diffusivity (RD) are commonly used to assess myelin content, but are not specific to myelin. Inhomogeneous magnetization transfer (ihMT) and multicomponent driven equilibrium single-pulse observation of T1 and T2 (mcDESPOT) offer quantitative parameters (qihMT and myelin volume fraction/VF m , respectively) which are suggested to have improved sensitivity to myelin. We compared RD, qihMT, and VF m in a cohort of 23 healthy children aged 8-13 years to evaluate the similarities and differences across these measures. All 3 measures were significantly related across brain voxels, but VF m and qihMT were significantly more strongly correlated (qihMT-VF m r ¼ 0.89) than either measure was with RD (RD-qihMT r ¼ À0.66, RD-VF m r ¼ À0.74; all p < 0.001). Mean parameters differed in several regions, especially in subcortical gray matter. These differences can likely be explained by unique sensitivities of each measure to non-myelin factors, such as crossing fiber geometry, axonal packing, fiber orientation, glial density, or magnetization transfer effects in a voxel. We also observed an orientation dependence of qihMT in white matter, such that qihMT decreased as fiber orientation went from parallel to perpendicular to B 0 . All measures appear to be sensitive to myelin content, though qihMT and VF m appear to be more specific to it than RD. Scan time, noise tolerance, and resolution requirements may inform researchers of the appropriate measure to choose for a specific application.
Introduction
Myelin plays a major role in healthy white matter function by facilitating fast and synchronous information processing between brain regions (Deoni et al., 2011; Fields, 2008 ). An appropriate ratio of myelin thickness to fiber diameter will optimize signal conduction along an axon (Chomiak and Hu, 2009; Pajevic and Basser, 2013; Rushton, 1951) . Further, myelin coordinates coincidence of signals from multiple neurons onto a target neuron (Fields, 2008) . Rapid increases in myelin are observed in the first year of life, and gradual myelination continues into adulthood (Bartzokis et al., 2010; Benes, 1989; Grydeland et al., 2013; Yakovlev and Lecours, 1967) . Myelination of related brain regions coincides with development of skills such as reading, language, and motor control (Bartzokis et al., 2010; Lakhani et al., 2016; Pujol et al., 2006) . Additionally, disruptions in myelin are associated with disorders such as multiple sclerosis, Parkinson's disease, and schizophrenia (Fields, 2008) . Post-mortem studies are the only way to accurately measure myelin content, but they are obviously limited by the availability of subjects, particularly previously-healthy children and adolescents. Magnetic resonance imaging (MRI) offers numerous possibilities for quantifying brain structure in vivo, and has been used extensively to study white matter in both healthy and disease states. Developing sensitive and specific imaging markers of myelin will help define baseline brain health and development, identify and monitor disease pathology, and evaluate response to treatment where myelin content is affected.
Various MRI methods have been used to indirectly assess myelin in vivo. Diffusion tensor imaging (DTI) produces measures such as fractional anisotropy (FA), axial diffusivity (AD), and radial diffusivity (RD) often used to describe "white matter integrity" (Basser and Jones, 2002; Chenevert, 1990; Doran and Bydder, 1990; Sala et al., 2012) . FA, the most common white matter parameter, is sensitive to changes in myelin, but also to axonal packing, membrane permeability, and internal axon structure (Beaulieu, 2002; Huppi and Dubois, 2006; Yoshida et al., 2013) . RD is more specific to myelin than FA (Song et al., 2002) , but it remains sensitive to other factors such as axon diameter and crossing fiber bundles (Huppi and Dubois, 2006) .
Myelin water imaging (MWI) seeks to quantify the amount of water bound in myelinated tissue. This myelin-bound water fraction can be identified by measuring the T2 relaxation rate of water populations within a voxel (MacKay et al., 1994) , or through models such as multicomponent-driven equilibrium single-component observation of T1 and T2 (mcDESPOT). The mcDESPOT model combines spoiled gradient echo (SPGR) and balanced steady-state free precession (bSSFP) images to produce a three-pool tissue model including volume fractions for intra/extracellular, free, and myelin-bound water (VF m ) (Deoni et al., 2008 (Deoni et al., , 2012 . VF m may avoid sensitivity to other tissue properties affecting T2 relaxation time, and may provide enhanced sensitivity to myelin above and beyond other MWI techniques (Deoni et al., 2012; Zhang et al., 2015a, b) . However, it may still be sensitive to magnetization transfer effects and field inhomogeneity (Deoni et al., 2008; Lenz et al., 2010; Zhang et al., 2015b) .
Magnetization transfer (MT) methods indirectly probe macromolecular content, including myelin, by assessing exchange between proton pools (Henkelman et al., 1993) . Off-resonance prepulses selectively excite macromolecule-bound protons and result in signal decrease, compared to reference states, in regions of exchange between macromolecular protons and freely mobile protons. MT measures are sensitive to myelin (Schmierer et al., 2007) , but may be influenced by tissue inflammation or sequence-dependent parameters such as prepulse frequency (Gareau et al., 2000; Henkelman et al., 2001) . Inhomogeneous magnetization transfer (ihMT) uses a prepulse sequence designed to increase specificity to myelin, and provides useful measures such as the inhomogeneous magnetization transfer ratio (ihMTR) and pseudo-quantitative ihMT (qihMT) (Varma et al., 2015a (Varma et al., , 2015c . Recent experiments suggest ihMT contrast is driven by dipolar coupling, and arises from lipid membranes in myelin and glial cells in brain tissue (Manning et al., 2017a) .
Many imaging methods indirectly measure myelin, and their use has been growing in the study of brain maturation and degeneration, diseases, and disorders. However, it remains unclear how much information these methods share. While the sensitivity of DTI measures to other microstructural factors has been well established (Beaulieu, 2002; Huppi and Dubois, 2006; Yoshida et al., 2013) , DTI remains a common method to assess white matter and speculate on myelination. It is possible that new methods such as ihMT and mcDESPOT can describe myelin more specifically than DTI. The purpose of this study was to compare parameters from DTI, mcDESPOT, and ihMT for assessing brain white matter and gray matter in a cohort of healthy children.
Methods

Subjects
Subjects were 23 healthy children (14 M/9 F) aged 8-13 years (11.5 ± 2.0 years). Selection criteria included: 1) uncomplicated birth between 37 and 42 weeks' gestation, 2) no history of developmental disorder or psychiatric disease, 3) no history of neurosurgery, and 4) no contraindications to MRI. All subjects provided informed assent and parents/guardians provided informed consent. This study was approved by the local research ethics board (ethics ID: REB13-1346). Three additional subjects of an initial 26 enrolled were removed from analysis due to motion corruption in at least one imaging sequence.
Image acquisition
Subjects were scanned using a 32-channel head coil on a GE 3 T Discovery MR750w (GE, Milwaukee, WI) 
Image processing
DTI images were imported into ExploreDTI (Leemans et al., 2009 ) for standard pre-processing including brain extraction and correction for eddy currents and head motion. The REKINDLE model was used in ExploreDTI to produce FA and RD maps for each subject (Tax et al., 2015) .
mcDESPOT SPGR, IR-SPGR, and bSSFP images were aligned to the SPGR image with the largest α, then processed by fitting T1, T2, and volume fractions to three water compartments (myelin-bound, intra/ extracellular, and free), along with exchange rates between myelinbound and intra/extracellular water (Deoni et al., 2013) . The myelin-bound water volume fraction from this fitting was used to produce VF m maps for each participant.
Pseudo-quantitative ihMT maps were obtained from ihMT data using an in-house GE protocol, and were derived from the following equation, assuming R1TR « 1, and α « 1 radian:
where R1 is the average longitudinal relaxation rate from repetitions of an MT state (either dual frequency or single frequency), S is the signal measured during this MT state, c ¼ 4 is a flip angle scale factor between the excitation angle of the MT and reference conditions, α is the nominal flip angle, and S c is signal from our 32 flip angle reference state. qihMT is approximated by ΔðR1Þ and describes the difference in longitudinal relaxation rates between these two states. This inverse-subtraction formulation, based on the methods of Helms et al. and Zaiss et al. (Helms et al., 2008; Zaiss et al., 2014) , differs from typical derivations of MT ratio (MTR) which divide MT-weighted signal by reference signal. Instead, the inverse subtraction method accounts for T1 and B1 inhomogeneity and allows use of a high flip angle reference to improve SNR (Varma et al., 2015b) . Our derivation of qihMT is pseudo-quantitative and does not share the level of detail and model accuracy of typical qMT parameters. As part of a supplementary analysis, we calculated MTR using the following equation:
We calculated pseudo-quantitative MT (qMT) using the same derivation as qihMT, but involving comparison between our non-MT saturated reference condition and single offset frequency conditions.
As an example, FA, RD, qihMT, and VF m , and subject template maps from an 11-year-old female participant are shown in Fig. 1 .
T1-weighted anatomical images were processed in FreeSurfer 5.3 (http://surfer.nmr.mgh.harvard.edu/) to produce an automated segmentation of cortical and subcortical structures in each subject using the default atlas (Fischl et al., 2002) .
Brain extraction was conducted in ExploreDTI for FA and RD maps, and using FSL's BET2 (Smith, 2002) for qihMT and VF m maps. Advanced Normalization Tools (ANTs) (Avants et al., 2011 ) was used to warp VF m and qihMT maps to the FA map for each individual, and then to create a multivariate averaged template in diffusion space for each individual from their FA, MWF, and qihMT maps. Our multivariate template was then registered to the standard MNI 2 mm structural template (Collins et al., 1995; Mazziotta et al., 2001) , and FA, RD, qihMT, and MWF maps were normalized to MNI space using warps calculated during template registration. T1-weighted images were non-linearly registered to the MNI 2 mm structural atlas using ANTs, and FreeSurfer segmentations were normalized to MNI space using T1 warps. Following registration, the JHU-ICBM white matter atlas and each subject's FreeSurfer segmentation were used to identify major white and gray matter regions, namely the corpus callosum genu, body, and splenium, the cingulum, corona radiata, corticospinal tract, internal and external capsule, superior fronto-occipital fasciculus (SFOF), superior longitudinal fasciculus (SLF), cerebral cortex, thalamus, caudate, putamen, pallidum, hippocampus, and amygdala. To reduce the number of comparisons, bilateral labels were combined into single regions of interest. All ROIs were combined to form one mask, which was thresholded at FA>0.2 to exclude CSF. The resulting brain mask was used for voxel-wise analysis.
Statistical analysis
Statistical analysis was conducted in SPSS 24 (IBM, New York). Pearson correlations were calculated for each pair of measures (RDqihMT, RD-VF m , qihMT-VF m ) across every voxel within an individual's brain mask (defined above). Differences in correlation magnitude (jrj) between gray matter and white matter voxels were investigated using paired t-tests. Differences between RD-qihMT, RD-VF m , and qihMT-VF m correlation magnitudes were investigated using a repeated measures ANOVA with main effect comparisons and post-hoc testing for paired differences. Across subjects, we examined these correlation magnitudes for relationships with subject age, or differences between males and females.
Average measures in each regional ROI were examined for relationships with age or sex using Pearson correlations and t-tests, respectively. To investigate how each parameter varies across the brain, we calculated measure Z scores in all 15 ROIs after removing age effects (based on results from above) using linear regression. Residuals for RD were inverted to produce similar contrast to other measures. A repeated measures ANOVA with main effect comparisons and post-hoc testing for paired differences was used to compare z-scores in each region, using p < 0.05 with false discovery rate (FDR) correction for 15 multiple comparisons applied.
As a supplementary analysis to compare qihMT with traditional MT measures, qihMT, MTR, and qMT were correlated across voxels within our brain mask for each subject, and resulting jrj was compared using a repeated measures ANOVA as detailed above. qihMT, MTR, and qMT measure means were also compared across subjects by transformation to Z-scores, removal of age effects, and repeated measures ANOVAs between measure means per region, as described above.
Orientation dependence
Current investigations suggest ihMT measures can exhibit orientation dependence Manning et al., 2017b) . Dipolar coupling interactions are inherently orientation dependent, and angle dependence of conventional magnetization transfer measures has been observed in human white matter (Pampel et al., 2015) . To investigate possible orientation dependence of qihMT in our cohort, an 11-year-old female exemplar subject was used. For each voxel in our brain mask classified as white matter by the JHU-ICBM white matter atlas, the angle between B 0 and the diffusion tensor's first eigenvector was calculated. Pearson correlations were conducted between qihMT and orientation. To ensure that results were related to orientation dependence rather than actual myelin content, we conducted another Pearson correlation between qihMT and orientation, controlling for VF m . The same analysis was run between VF m and white matter orientation angle in our exemplar subject to investigate orientation dependence of VF m .
Results
Sex and age effects
Neither the magnitude of correlation (jrj) between measures, nor region means were significantly different between males and females.
Pearson correlations between subject age and magnitude of correlation (jrj) between measures were not significant. However, RD was significantly negatively correlated with age in most ROIs (p < 0.05, FDR-corrected). Only the thalamus, caudate, hippocampus, and superior fronto-occipital fasciculus did not have significant correlations between age and RD. qihMT and VF m were correlated with age in some regions of interest, but these relationships did not survive FDR corrections.
Overall measure correlations
All measures were significantly correlated in every subject (mean RDqihMT r ¼ À0.66 ± 0.07; mean RD-VF m r ¼ À0.74 ± 0.04; mean qihMT-VF m r ¼ 0.89 ± 0.08, all p < 0.0001). A repeated measures ANOVA showed a significant difference among correlation magnitudes (F ¼ 138.82, p < 0.001), such that the RD-VF m correlation was significantly stronger than RD-qihMT, and the qihMT-VF m correlation was significantly stronger than both others. Correlations between measures were significantly higher in white matter voxels for all measures than in gray matter (RDqihMT t ¼ 12.93, p < 0.001; RD-VFm t ¼ 21.29, p < 0.001; qihMT-VFm t ¼ À4.04, p ¼ 0.001; Fig. 2 ).
Measure variance across subjects
Region means and standard deviations for each measure across subjects are displayed as Z-scores in Fig. 3 . RD scores are inverted, so an increase in myelin would lead to an increase in any measure. Following FDR correction, imaging parameters were significantly different in the corpus callosum genu (F ¼ 32.93, p < 0.001), corpus callosum body (F ¼ 43.70, p < 0.001), cingulum (F ¼ 4.88, p ¼ 0.010), corona radiata (F ¼ 13.88, p < 0.001), external capsule (F ¼ 4.81, p ¼ 0.017), SLF (F ¼ 9.67, p < 0.001), cerebral cortex (F ¼ 8.67, p < 0.001), putamen (F ¼ 5.33, p ¼ 0.012) hippocampus (F ¼ 11.04, p < 0.001), and amygdala (F ¼ 12.10, p < 0.001). In all cases, RD was significantly different from at least one of the other two measures; qihMT and VF m differed in the genu, hippocampus, and amygdala. The direction of these differences was not consistent. Region sizes, measure means, and mean standard deviations are summarized in Table 1 .
Orientation dependence of qihMT and VF m
The relationship between orientation of white matter relative to B 0 and qihMT is shown in an exemplar subject in Fig. 4 
Comparison with MT measures
qihMT was significantly correlated with both qMT (mean r ¼ 0.85, all p < 0.05) and MTR (mean r ¼ 0.84, all p < 0.05) in all subjects (Supplementary Fig. 1 ). qihMT only differed from qMT and MTR in the cerebral cortex, where qMT was higher than qihMT, and both were higher than MTR. In the cingulum, MTR was significantly higher than qMT. No other regions had significant differences among qMT, qihMT, and MTR parameters.
Discussion
In the first direct comparison of DTI, ihMT, and VF m , all techniques sensitive to myelin, we demonstrate similar contrast in all measures in a cohort of healthy youth, but significantly stronger relationships between qihMT and VF m than between either measure and RD. On average, qihMT and VF m shared 79% of variance in subjects (mean R 2 ¼ 0.79), suggesting that a substantial amount of information captured by each measure was related to myelin. RD shared 44-55% of variance with qihMT and VF m , suggesting that RD is sensitive to myelin, but less specific to it than qihMT and VF m . Measures were more strongly correlated in white matter voxels than gray matter voxels, suggesting that in white matter, myelin Fig. 3 . Standardized z-scores (computed across the brain for each measure) are shown for RD (inverted), qihMT, and VF m in major bilateral gray matter and white matter regions, after controlling for age. Significant differences (p < 0.05) between means were found in marked (*) regions following FDR correction for multiple comparisons. Error bars represent ±1 standard deviation. B.L. Geeraert et al. NeuroImage 182 (2018) 343-350 dominates the variation of RD, qihMT, and VF m . We also observed an angle dependence of qihMT, such that white matter orientations perpendicular to B 0 had lower qihMT values. Comparing mean parameters within specific brain regions showed many areas with significantly different RD values from qihMT and/or VF m , highlighting the fact that RD is sensitive to factors other than myelin. Mean RD suggested greater myelination than other measures in the cingulum, external capsule, putamen, and amygdala. This may be caused by sensitivity to other microstructural factors such as axonal membranes, packing, and coherence (Beaulieu, 2002; Schmierer et al., 2008) in the highly organized cingulum and external capsule, or the influence of macromolecular content, iron, and neural or glial membrane on water diffusion (Mukherjee et al., 2002; Pfefferbaum et al., 2010) in gray matter regions such as the putamen and amygdala. RD suggested less myelin in the corpus callosum body and genu, corona radiata, SLF, cerebral cortex, and hippocampus compared to other measures. Crossing fiber populations likely contribute to higher RD (which would suggest less myelin) in the corpus callosum, corona radiata, and SLF (Jeurissen et al., 2010; Wheeler-Kingshott and Cercignani, 2009) , while partial voluming with CSF may contribute to higher RD in the cortex and hippocampus (Bhagat and Beaulieu, 2004) . RD values reported here follow similar trends in gray and white matter to previous post-mortem findings (Miller et al., 2011) , and share a substantial proportion of variance with qihMT and VF m . There appears to be good correlation of RD with qihMT and VF m at low RD values (the most highly ordered white matter) but many voxels show high RD values unaccompanied by high qihMT or VF m , likely due to additional microstructural sensitivities exhibited by RD. qihMT and VF m followed similar trends throughout brain tissue. However, qihMT was higher than VF m in the genu, hippocampus, and amygdala. These differences may be explained by qihMT orientation dependence and sensitivity to lipid membranes present in axonal, neural, and glial tissue (Manning et al., 2017a) , or VF m sensitivities to magnetization transfer effects and field inhomogeneities (Deoni et al., 2008; Lenz et al., 2010; Zhang et al., 2015b) . qihMT and VF m were strongly correlated and appeared most tightly linked in white matter voxels, where myelin is prominent. Interestingly, in Fig. 2D , a wide range of values of VF m are seen at low qihMT values, which may indicate sensitivity in VF m to other microstructural factors undetected by qihMT. However, our qihMT measure is related to white matter orientation, and may be affected by the presence of glia, so it is likely that neither measure is perfectly sensitive to myelin. RD, qihMT, and VF m probe myelin through different mechanisms, and have each been related to myelin content via histology. RD reflects restriction of water diffusion in the direction assumed to be perpendicular to fiber orientation, and RD changes with demyelination and remyelination in mouse models (Petiet et al., 2016; Song et al., 2002 Song et al., , 2003 Zhang et al., 2012) . ihMT is sensitive to dipolar coupling interactions in lipid bilayers such as those found in myelin (Manning et al., 2017a; Varma et al., 2015c) , and has been histologically validated in bovine spinal cord and mouse brain Swanson et al., 2017) . mcDESPOT quantifies water bound in multiple compartments, and VF m has been related to myelin in healthy and cuprizone-treated mice (Wood et al., 2016) , and dysmyelination in the shaking pup model (Hurley et al., 2010) . Taken alongside our current findings, we can conclude that each method provides an assessment of myelin, despite unique sensitivities to additional factors which may influence each measure.
Additional MT parameters derived from our ihMT sequence are highly correlated with qihMT and follow similar trends across investigated ROIs (Supp. Fig. 1 ). Both MTR and qMT are highly correlated with qihMT and show differences from qihMT only in the cortex. These results suggest that in healthy brain tissue, ihMT captures similar information to traditional MT techniques. However, ihMTR has shown improved ability to discriminate MS patients over MTR in normal appearing white matter, suggesting increased sensitivity of ihMT (Van Obbergen et al., 2017) .
Analysis in an exemplar subject showed a significant correlation between qihMT and fiber orientation (Fig. 4) ; this relationship held when controlling for VF m , suggesting this orientation relationship is not due to myelin content (Fig. 4) . In our sample, qihMT decreased as fiber orientation went from parallel to perpendicular to B 0 , which is consistent with previous models of ihMT angular dependence at the low offset frequency of ±5 kHz. ihMT is a relatively new technique with a range of parameters that can be adjusted to achieve better quantification and their tradeoffs are still being explored. Angular dependence, for example, is a function of offset frequency with perpendicular fibers showing the highest signal at high offset frequency Varma et al., 2015a Varma et al., , 2015c and the lowest signal at lower offset frequency. An intermediate frequency may eliminate these variations. Saturation timing has also been altered to increase the ihMT signal and SNR by more than a factor of two by using short pulses of high instantaneous power but low duty cycle Varma et al., 2016) . This approach shows promise of increased SNR at reduced power deposition. Our findings support the orientation dependence of ihMT measures, and compliment similar findings from the ihMTR measure, though more work is needed to better understand this dependence.
We have shown here that qihMT and VF m are strongly correlated with RD, a common diffusion measure related to myelin, but future research must be conducted to fully appraise the viability of each technique as a myelin biomarker. RD showed the lowest average standard deviation in regions, and thus may provide a more reproducible metric than the other two techniques, but repeated scans within single subjects are required to sufficiently address this question. Regional RD was correlated with age in many regions, while qihMT and VF m were not related to age. RD is most sensitive to age-related changes in this age range, but these changes may not reflect myelination and could instead reflect axonal packing. Finally, further work must be done to investigate the sensitivity of each measure to demyelination. Comparisons of qihMT or ihMTR to MTR in demyelinating disorders, or VF m to other myelin water imaging techniques may help to identify which technique is most useful as a clinical marker of myelin.
Limitations
One limitation of this study is that the sequences used here were not matched on scan time or resolution, which may impact signal-to-noise and vulnerability to partial voluming and other artifacts, and thus affect sensitivity to myelin. The mcDESPOT sequence used to produce VF m was more than double the length of our DTI sequence, more than triple the length of our ihMT sequence, and used smaller voxels. Additionally, it cannot be assumed that the relationships identified here can be replicated in clinical populations. Future studies should evaluate the relationship between measures of myelin in clinical populations to extend our findings. Quantitative susceptibility mapping (Duyn, 2017; Lee et al., 2012; Liu et al., 2011) , frequency difference mapping (Wharton and Bowtell, 2013) , and multi-echo T2 relaxation techniques (MacKay et al., 1994) are all methods sensitive to myelin content, which may provide valuable extra information. Finally, while imaging studies offer important advantages to study brain structure in vivo, conclusions drawn from imaging must always be considered indirect and compared to histological validation studies.
Conclusions
RD, qihMT, and VF m were shown to be strongly related to each other in a cohort of healthy children, with significantly larger correlations between qihMT and VF m than between either measure and RD. This stronger relationship likely reflects the increased specificity of qihMT and VF m to myelin, although each measure can be affected by additional factors in the brain above and beyond myelin content. RD may be sufficiently sensitive to characterize myelin, and is already commonly used to describe white matter microstructure. VF m offers increased sensitivity to myelin over RD, but currently requires significantly longer scanning time to collect the required data. qihMT may be the most sensitive measure of myelin considered here, and ihMT is rapidly improving through parameter modifications to reduce orientation dependence and improve myelin-related contrast, but ideal parameters for use in human scanning have yet to be identified. Thus, any or all of the techniques here may serve as an appropriate measure of myelin depending on the study considering limitations on scan time, specificity requirements, and comparison to previous literature. Future studies investigating sensitivity to changes in clinical populations and white matter development or degeneration will further improve our understanding of the appropriate use of each measure considered here.
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